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Abstract 
In order to ensure a reliable calibration of surface topography measuring instruments the use of practical calibration strategies is required. This 
requirement can be fulfilled when measurement standards with a defined surface structure in accordance to the later obsessed application are 
used. Different examples for the design and manufacturing of accordant measurement standards have been investigated by the authors. Within 
this publication a generic reverse engineering approach for the design of geometrical measurement standards is deducted from these results. 
The physical effects that occur because of the manufacturing with an ultraprecision turning machine and the sampling of the measurement 
standards are mathematically inversed and considered. The practical abilities of the approach are illustrated exemplarily. These theoretical 
considerations for the design can be verified experimentally by the manufacturing of the samples with an ultra-precision turning process. In 
doing so, the high precision of the new design approach can be validated. The examinations confirm the universality of the reverse engineering 
approach for the design of measurement standards.  
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1. Introduction 
In the field of geometric product specification different 
“material measures” are currently utilized which are 
standardized in ISO 5436-1 [1] and ISO 25178-70 [2]. An 
overview considering the current state of the art was given by 
Leach et. al. [3]. Relevant metrological properties for the 
calibration were introduced with the ISO 25178-600 [4] series.  
In order to examine the design of measurement standards, 
their definition as given in the international vocabulary of 
metrology is applied [5]: a measurement standard is a 
“realization of the definition of a given quantity, with stated 
quantity value and associated measurement uncertainty, used 
as a reference” [5]. The evaluation of measurement 
uncertainty of calibration procedures with roughness standards 
was examined by Haitjema [6]. 
The current standardized measurement standards are 
mostly surfaces whose structures are not systematically 
deducted from the later application.  In order to cope with the 
increasing requirements of measurement and calibration 
within the industry, a new approach for the design of 
measurement standards is suggested which utilizes reverse 
engineering [7]. This approach has been verified for specific 
applications and parameters. Within section 2, a generic 
description is derived based on the achieved results. 
Currently, roughness standards are manufactured with 
defined manufacturing parameters and then a calibration of the 
manufactured measurement standard is executed (see e.g. [8]). 
This is done with a calibrated reference measurement device 
in order to ensure the connection towards the SI unit meter 
with a traceability chain [9].  
The new approach is to define a calibrated value that is 
desired as a calibration standard and then to inverse the entire 
signal chain of manufacturing, sampling and evaluating in 
order to calculate relevant physical effects of these processes 
for the design of the standard. The iteration leads to the 
manufacturing dataset for the desired surface parameters 
which can be processed by a manufacturing device.   
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
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This approach works for different measurement principles 
as well as different surface properties to be calibrated. First 
examples for a specific application have been published with 
the Rk -standard [7] and the profile linearity standard [7] which 
are intended for the use with stylus instruments [7]. The 3D-
topography linearity standard [11] which can calibrate optical 
topography measurement devices is another example [11]. In 
section 2, a generalized approach is introduced based on these 
specific applications. Results of the applications are provided 
within sections 3 and 4.  
2. Defining a generalized design approach 
The general idea of the new approach is that the calibration 
can be executed more accurately when it is closely related to 
the measurement task and physical effects of the signal chain 
are considered [7]. As stated, different specific applications of 
the approach have been introduced. However, it is possible to 
define the approach generically without the limitation to a 
specific measuring method.  
This means that the current design approach for 
measurement standards needs to be revised. We propose to 
change the design process towards a utilization of a reverse 
engineering approach. A schematic comparison between the 
traditional approach for the design of measurement standards 
and the new approach is shown in Figure 1. 
Traditionally (Figure 1a) the target values are defined and 
then a manufacturing process which generates statistical 
surface structures (e.g. grinding or lapping [10]) is applied. 
For the superfine roughness standards, a turning process is 
applied for the manufacturing of a deterministic surface [8]. 
The manufactured measurement standards are measured with 
a reference sampling which leads to a calibrated value of the 
standard after the compulsory evaluation. This calibrated 
value can then be used to adjust the manufacturing process in 
order to image the desired values more accurately. 
 
 
Fig. 1. (a) traditional approach for the design of roughness standards;  
(b) new approach. 
Within our new approach (Figure 1b) a measured surface 
m s
Z  is evaluated in order to calculate the initial values for the 
roughness parameters 0p  to be calibrated. The approach as 
imaged in Figure 1b is a more systematic procedure which 
works very generically for arbitrary surfaces, measuring 
systems and parameters. The input surface can be either a 
profile, mathematically represented by a row or column 
vector, or a 3D-topography, represented by a matrix. The 
target values for the parameters are defined as a vector tarp
with the length n : 
  ( ) , 1, 2, ..., ntar tarp p i i  ,  (1.1) 
 and afterwards, after a preprocessing, a transformation 
step  <   is applied to measured data of an actual surface, 
followed by a virtual manufacturing  M  , measurement 
 S   and evaluation  E   [11]. This signal chain considers 
the relevant physical effects of these processes on the surface. 
With the pre-processed surface pz , the transformation  <   
can be generically described as:  
  0, ,t p tarZ Z p p < .  (1.2) 
The transformed dataset tz  serves as the input dataset for 
the signal chain [11]:  
      ,s act tZ p E S M Z .  (1.3) 
s
z  is the resulting evaluated profile and 
 ( ) , 1, 2, ..., nact actp p i i   are the evaluated parameters. The 
parameters are compared with the target values using for 
example the following abort-criterion [11]:  
 
1
( ) ( )
n
tar act
i
p i p i
 
  H¦ ,  (1.4) 
with the maximum residual H . As the approach is executed 
as an iteration, the described steps are repeated until the 
virtual evaluation results in the desired target value(s) and a 
given abort criterion is fulfilled [11]. The result of the 
appropriate algorithm is the virtual dataset 
m an
z  of the new 
sample. This dataset is then manufactured as a measurement 
standard and serves as the control dataset for an ultra-
precision manufacturing process. If the abort criterion is not 
fulfilled in the current iteration, the initial value is adjusted:  
 0 actp p ,  (1.5) 
as well as the profile to be transformed:  
 p sz z .  (1.6) 
According to the parameters to be calibrated, the 
transformation steps are adjusted. Within the traditional 
approach, a “physical iteration” of the manufactured geometry 
was performed as the parameters of the manufacturing 
process were adjusted towards the desired target values of the 
surface parameters to be calibrated.  
The new process applies a “virtual iteration” and therefore 
reduces the effort for the design of measurement standards. 
Further, the consideration of the signal chain guarantees that 
present physical effects are considered within the 
manufacturing dataset. 
The introduced general approach works similar for 
different measuring principles. Besides the transformation 
step as well the virtual descriptions of the manufacturing and 
sampling need to be adapted according to the application.  
Examples for this procedure are given in the following 
section. 
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3. Examples for the application of the new approach 
 The following section provides previously examined 
specific examples of the application of the procedure 
introduced in section 2. The given approach works e.g. for 
stylus instruments and optical instruments. The development 
of an Rk-standard for stylus instruments is described in detail; 
other examples for the approach are outlined. 
Within the current standardization there are no specific 
calibration standards for the Abbott-curve parameters of ISO 
13565-2 [12]. As increasing number of function-oriented 
measurements and evaluations are performed [13], the 
demand for Abbott-curve parameter evaluations is increasing. 
Thus, the Rk-parameters should be calibrated with a standard 
whose surface structure is related to a typical application of 
the ISO 13565-2 parameters. Considering these constraints, an 
Rk-standard was designed [7]. A profile with the length of 4 
mm was extracted and pre-processed in a way that it could be 
continued periodically. 
The manufacturing should be executed with an ultra-
precision turning process (see section 4.1). The manufacturing 
process was modelled with a morphological filtering using the 
tool’s geometry as a structuring element [14]. In doing so, the 
effects of the manufacturing on the geometry of the 
measurement standard were described.   
Also the virtual measuring with a stylus instrument was 
implemented as a morphological filtering with a circular disc 
representing the stylus tip as for example shown in [15]. 
The Abbott-curve can be understood as the descendant 
arrangement of discrete measured heights [16]. As the desired 
Rk-parameters are imaged within separate areas of the  
Abbott-curve, the associated parts of the Abbott-curve and 
their representing profile values were transformed  
separately. Further, it was demonstrated that the  
transformations of the Abbott-curve do not only have an 
impact on the Abbott-curve, but also the profile itself [7]. 
 The results of the implemented transformation towards the 
target Rk-values are shown in Figure 2: a) shows the 
manufacturing dataset for the measurement standard and b) 
the dataset after the virtual evaluation. Within this virtual 
evaluation, the target values of 0.15pkR µ m , 0 .40kR µ m  
and 1.20
vkR µ m  are achieved [7].  
 
 
Fig. 2. Design of the Rk-standard: (a) designed standard;  
(b) evaluation results. 
Further examples of the approach were published with the 
design of a profile linearity standard for stylus instruments [7] 
and a 3D-topography linearity standard for optical topography 
measurement devices [11]. Both standards feature a linear 
Abbott-curve and can therefore be applied for a linearity 
calibration of the height axis [7] [11]. The models for the 
manufacturing and measuring processes have to be adapted to 
the specific application as indicated in Figure 1. For example 
the manufacturing with a 3D-Laser-Lithography process can 
be implemented as well as a sampling with an optical 
topography measurement device [11]. 
4. Experimental Results 
4.1. Manufacturing 
The manufacturing of the developed geometrical roughness 
creates high demands for the used manufacturing process. 
Ultra-precision machining processes with monocrystalline 
diamond tools represent convenient techniques [17] due to the 
small possible interpolation steps and the high stiffness of the 
machine tools used. 
For the manufacturing of the Rk-Standard the ultra-
precision turning lathe MTC 250 of LT Ultra with two linear 
axes and an air bearing spindle was used.  
 
 
Fig. 3. Manufacturing Setup 
In order to produce the filigree surface structures special 
tools made of monocrystalline diamond with a corner chamfer 
of 10 μm were applied. Due to the small feature sizes, it was 
necessary that the sample surface is faced in a preceding step. 
Therefore a monocrystalline diamond tool with a large corner 
radius was used to achieve a small kinematic roughness. The 
geometry of the tool for roughness standard manufacturing 
and the process parameters are listed in Table 1. 
Table 1. Process conditions and tool geometry 
Process parameters  
Rotational speed 1 / min 800 
Feed rate in x-direction in μm 1 
Tool geometry  
rake angle γ in ° 0 
clearance angle α in ° 10 
corner angle εc in ° 55 
chamfer width b in μm 10 
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The profile linearity standard was manufactured with a 
similar ultra-precision machining process [7], a laser-
lithography process can be used to image complex 3D-
structures, e.g. the 3D- linearity standard [11].  
4.2. Measurements 
The measuring of the Rk-standard can be executed with an 
arbitrary stylus instrument as long as the stylus tip geometry 
is conform to the considered geometry within the design 
process. As the workpiece is axially symmetric and the profile 
is continued periodically, the measurement position can be 
chosen arbitrarily. The measurement with the industrial stylus 
instrument Hommel T 8000 featuring a tip radius of 5 µm is 
illustrated in Figure 4.  
 
 
Fig. 4. Measuring setup [7]. 
The manufactured sample was measured at 144 different 
positions and the results were filtered with 0.8
c
m mO   
according to ISO 13565-1 [18] and 2.5
s
µ mO   according to 
ISO 16610-21 [19]. The results are given in Table 2. It can be 
stated that the described process generates reliable results. 
This is indicated by the small standard deviation and the 
marginal systematic deviations between the target and the 
measured values. This means that the model given in Figure 1 
can be verified as an adequate description of the processes.  
 Table 2. Measurement results Rk-standard [7]. 
Parameter Target value Measured value 
Rk / µm 0.400 0.391 ± 0.010 
Rpk / µm 0.150 0.146 ± 0.007 
Rvk / µm 1.200 1.295 ± 0.032 
  
The results indicate that the introduced approach works for 
the calibration of stylus instruments and for the Rk-parameters. 
The examinations carried out for optical topography 
measurement devices lead to similar results [11]. Also, other 
roughness parameters were examined for the calibration of 
stylus instruments with the profile linearity standard [7].  
Thus it can be reasoned that the introduced approach is 
suitable both for stylus and optical measurement devices as 
well as for different roughness parameters.   
5. Conclusion 
It was shown that a generic reverse engineering approach 
for the design of measurement standards can be introduced 
based on different previously examined specific applications. 
The introduction was motivated and the approach was 
described in detail. The capabilities of the approach were 
exemplified with different applications. The theoretical 
approach was verified with a manufacturing of the calculated 
datasets. The measured values exhibit a small deviation 
towards their target values indicating the functionality of the 
new approach. Further examinations lead to similar results for 
different measurement principles and arbitrary roughness 
parameters demonstrating the universality of the approach. 
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